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Introduction 18
Pathogens are a substantial burden to nearly every species on the planet, providing a strong 19 selective pressure for individuals experiencing infection to evolve resistance. There is considerable 20 evidence for selection acting on genes involved in resistance to this pathogenic burden, as 21 highlighted by several studies across Metazoans (Kimbrell and Beutler 2001; Enard et al. 2016 ) 22
including Drosophila (Sackton et al. 2007 ; ). Much work concerning the 23 evolution of the invertebrate immune system has focused on the D. melanogaster. While pathogen 24 pressure is ubiquitous, the diversity of pathogens that hosts face and the selection for resistance 25 they trigger vary tremendously (Sackton et 2010).Importantly, these pathways have mostly been validated only in D. melanogaster, therefore, 53 a broader view of antiviral immune gene evolution across Drosophila is warranted. 54
One particular group in the Drosophila genus with a rich history of ecological study, and 55 with great potential as a host/pathogen study system, is the quinaria group ( immune response. One member of the quinaria group of particular interest concerning 62 host/pathogen coevolution is Drosophila innubila (Patterson and Stone 1949) . While many species 63 in the quinaria group are broadly dispersed across temperate forests (including the sister species 64 D. falleni and outgroup species D. phalerata) (Patterson and Stone 1949; Markow and O'Grady 65 2006) , Drosophila innubila, is limited to the "Sky Islands", montane forests and woodlands 66 southwestern USA and Mexico. It likely colonized the mountains during the previous glaciation 67 period, 10 to 100 thousand years ago (Patterson and Stone 1949; Jaenike et al. 2003 ). The flies are 68 restricted to elevations of 900 to 1500m, and are active only during the rainy season (late July to 69 September) . D. innubila is also the only species in the quinaria group 70 frequently (25-46% in females) infected by a male-killing Wolbachia strain (wInn), leading to 71 female biased sex-ratios (Dyer 2004 ). This Wolbachia is closely related to wMel, which infects D. 72 melanogaster (but does not kill males) . Interestingly, D. innubila is also 73 frequently (35-56%, n > 84) infected by Drosophila innubila Nudivirus (DiNV), thought to have 74 spread to D. innubila during their expansion in the glaciation period (Unckless 2011; Hill and 75 Unckless 2017). In contrast, DiNV is found at lower frequencies in D. innubila's sister species, D. 76 falleni (0-3%, n = 95) and undetected in the outgroup species, D. phalerata (0%, n = 7) (Unckless 77 2011). DiNV reduces both lifespan and fecundity of infected hosts (Unckless 2011), with related 78 viruses also causing larval lethality (Payne 1974 Using a combined transcriptome assembly of all life stages and protein databases from 138 other species, we annotated the genome and found 12,318 genes (including the mitochondrial 139 genome), with coding sequence making up 11.5% of the genome, at varying gene densities across 140 the Muller elements ( Figure 1A blue, Table 1 ). Of the annotated genes, 11,925 (96.8%) are shared 141 with other Drosophila species (among the 12 genomes available on Flybase.org), 7,094 (57.6%) 142 have orthologs in the human genome, and the annotation recovered 97.2% of the Dipteran BUSCO 143 protein library (Simão et al. 2015) . The D. innubila genome has an average of 36.57% GC content, 144 varying across the Muller elements ( Figure 1A Figure 2A ). Conversely, we can also identify genes under strong purifying 9 selection (reduced dN/dS) (Yang 2007) . We also performed this analysis across the D. Figure 2C ). We identified 203 GO categories enriched in the top 10% of genes for dN/dS to find categories evolving rapidly in 204 each species. Several enriched GO immune categories were common to both D. innubila and 205 melanogaster, including defense response to bacteria and antimicrobial peptide regulation 206
( Supplementary Table 4 ). However, several GO terms related to Toll signaling were enriched 207 exclusively in D. innubila, while gene silencing by RNA and RNA splicing were enriched in D. 208 melanogaster but not D. innubila ( Figure 2B red points, Supplementary Table 4 
). 209
We fitted a model to contrast D. innubila dN/dS and D. melanogaster dN/dS per gene and 210 extracted the studentized residuals. We examined the upper 10% of residuals, which should contain 211 genes fast evolving in only D. innubila. We found Toll receptor signaling pathways and metabolic 212 processes enriched, among others ( Supplementary Table 4 , Figure 2B & C, p-value < 0.000775, 213 though this is not significant after correcting more multiple tests). Conversely, in the lower 10% 214 (which should be genes fast-evolving only in D. melanogaster) we found RNAi and response to 215 virus genes enriched ( Supplementary Table 4 , Figure 2B & C, p-value < 0.000998, though this is 216 not significant after correcting for multiple tests). These lines of evidence suggested that, while 217 many functional categories are evolving similarly, Toll and antiviral RNAi pathways are evolving 218 quite differently between D. melanogaster and D. innubila and motivated a more thorough 219 examination of the differences in the evolution of genes involved in immune defense. 220
221
Immune evolution differs between species groups, even after controlling for synonymous 222 divergence 223
While we found no correlation between dN/dS and gene length in either species (GLM t = 224 0.34, p-value = 0.81), we did find a significant negative correlation between dN/dS and dS in D. 225 innubila (Figure 2A , GLM t = -64.94, p-value = 2.2x10 -16 ). Most genes with high dN/dS had lower 226 values of dS, possibly due to the short gene branches (and low neutral divergence) between species 227 inflating the proportion of non-synonymous substitutions (Figure 2A ). We also found slightly 228 different distributions of dN/dS in each species, suggesting which may cause the differences seen 229 (Supplementary Figure 1 ). Because of these effects, we attempted to control for differences by 230 extracting genes that were in the upper 97.5% dN/dS of genes per 0.01 dS window and with dN/dS 231 greater than 1 and labeled these 166 genes as the most rapidly evolving on the D. innubila branch. 232
Contrasting D. melanogaster (Obbard et al. 2006 ), these genes were not enriched for antiviral 233
RNAi genes and were instead significantly enriched for several metabolic and regulation 234 pathways, as was found previously ( Table 2 ). The most common type of gene with elevated dN/dS 235 were those involved in the regulation of the Toll pathway (Table 2, and modSP; were the fastest evolving genes in this pathway, and among the fastest in the genome 239 ( Figure 2A , above the dotted line, Supplementary Table 6 ). Most of these rapidly evolving genes 240 are signaling genes, which were, as a class, not particularly fast evolving in the D. melanogaster 241 clade (Sackton et al. 2007 ). Additionally, Pp1apha-96A and Attacin D, genes involved in Gram-242 negative bacterial response, were rapidly evolving (upper 97.5% of genes, dN/dS > 1). 243
Given the differences between species, we compared molecular evolution of genes in each 244 of immune gene category for the entire melanogaster trio (D. melanogaster, simulans and yakuba) 245
with the evolution of those same genes in the entire D. innubila trio (D. innubila, falleni and 246 phalerata), alongside comparing specifically D. innubila and D. melanogaster. Because non-247 synonymous divergence is elevated in genes with low synonymous divergence on the D. innubila 248 branch but not the D. melanogaster branch (Figure 2A, Supplementary Figure 1) , we attempted to 249 control for its effect. For each focal immune gene, we extracted genes on the same chromosome 250 with dS within 0.01 of the focal gene. We then calculated the differences in the median dN/dS of 251 these control genes and the focal genes, for each branch on the tree, and categorized these 252 differences by immune category based on Flybase gene ontologies (Gramates et al. 2017 ). We also 253 separated antiviral genes into those associated with antiviral RNAi and those involved in other 254 pathways (such as NF-κB signaling molecules). Using this method, we found most immune 255 categories had slightly positive differences compared to the controls, suggesting faster evolution 256 than the background ( Figure 3A Table 5 , t-test t = 2.11, p-value < 0.05), whereas none of these three 305 groups are fast evolving in D. phalerata. This potentially highlights differences in the pathogens 306 and environments encountered by the three species. Interestingly, Toll signaling, but not Gram-307 positive defense response, is fast evolving in D. innubila, (Figure 3 , Supplementary Table 5) , 308
suggesting Toll may play a separate role from signaling Gram-positive defense response in D. 
Low antiviral RNAi expression in Drosophila innubila 335
We examined immunity and RNAi genes in the context of baseline (e.g. constitutive) gene 336 expression in D. innubila compared to D. melanogaster using ModEncode (Consortium et al. 337 2011) . It should be noted that this is not a well-controlled comparison, whereby differences in 338 expression could be due to different laboratory conditions or other experimental variables as 339 opposed to true baseline expression differences. Nevertheless, some of the observed differences 340 are consistent with rates of molecular evolution. We found no effect for life stage, sex or tissue on 341 immune expression outside of an increase in immune expression when transitioning from embryo 342 to larval stages (GLM p > 0.05, Supplementary Tables 12-19 ). Specifically, the Toll pathway genes 343
Toll, GNBP1 and grass had higher expression in larvae than embryos, and this was maintained 344 throughout the rest of the life stages. Because the main shift in gene expression appears to occur 345 as embryos develop into larvae, we focused on adults, as they represent a more stable period of 346 gene expression. We focused on adult whole-body expression differences between D. innubila and 347 D. melanogaster. The viral RNAi pathway is mostly shut off in D. innubila ( Figure 3B , only 2 of 348 7 genes showed expression greater than 1 read per million counts per kbp of gene in larvae and 349 adults) and had significantly lower expression than the rest of the genome across all life stages 350 (both before and after adjusting for gene length, Wilcoxon rank sum p-value < 0.02). In contrast, 351 the piRNA pathway showed appreciable levels of expression and no difference from the 352 background genome at any stage ( Figure 3B It is currently believed that D. melanogaster 392 is mostly exposed to RNA viruses in nature whereas D. innubila is mostly exposed to DNA viruses 393 Table 4 ), this rapid evolution of Toll may have little to do with immune response 417 and instead is involved in changes in the body pattern to adapt to changes in the environment of 418 D. innubila. Though this explanation does not explain the rapid evolution of other immune 419
pathways. 420
A second hypothesis for the lack of evolution in the antiviral RNAi system, is that the 421 immune response to DNA virus infection has diverged in the approximately 50 million years since 422 the quinaria and melanogaster groups last shared a common ancestor. They may fundamentally 423 differ in their immune response to viral infection, and this may be due to the divergence of the 424 siRNA pathways across the Drosophila groups (Lewis et al. 2018 ). This divergence could also be 425 non-adaptive, in fact, given D. innubila has undergone repeated bottlenecking during habitat 426 invasion, it is possible that changes in effective population size may have led to genetic drift 427 steering the evolution of the immune system in this species, resulting in relaxed constraint on 428 immunity genes. An ineffective antiviral immune system may even explain the high frequency of 429
DiNV infection in D. innubila (Unckless 2011 ). However, rates of evolution are mostly consistent There are several other aspects of the host biology that may explain the constrained 441 evolution of the siRNA in D. innubila (Figure 2, 3) . siRNA, alongside piRNA have been 442 implicated in transposon regulation as well as viral suppression (Biryukova and Ye 2015) . It is 443 possible siRNA has an alternate, TE related role in D. innubila, which may contribute to their low 444 TE content (Figure 1, Supplementary Figure 6) . 445
Studies have also identified an interaction between Wolbachia infection and resistance or 446 We have worked to bring mycophagous Drosophila to the table as a modern genomic 454 model for the study of immune system evolution. Here we have highlighted that the evolution of 455 the immune system among closely related trios of species may differ drastically across Drosophila 456 genera. Specifically, we found that across the D. innubila genome, even though the immune system 457 20 is, in general, evolving rapidly; the canonical antiviral RNAi pathways do not appear to be 458 evolving as if in an arms race with viruses. Instead, several alternative immune pathways may be 459 evolving in response to the different pathogen pressures seen in this species. Together these results 460 suggest that the evolution of genes involved in the immune system can be quite specific to the suite 461 of pathogens faced by hosts. 462 463 Methods 464
DNA/RNA isolation, library preparation, genome sequencing and assembly 465
We extracted DNA following the protocol described in (Chakraborty et al. 2017 ) for D. 466 innubila, D. falleni and D. phalerata as further described in the supplementary materials. We 467 prepared the D. innubila DNA as a sequencing library using the Oxford Nanopore Technologies 468 we evaluated the quality of the genome and the extent of improvement in quality, by calculating 494 the N50 and using BUSCO to identify the presence of conserved genes in the genome, from a 495 database of 2799 single copy Dipteran genes (Simão et al. 2015) . 496
Repetitive regions were identified de novo using RepeatModeler (engine = NCBI) (Smit 497 and Hubley 2008) and RepeatMasker (-gff -gcalc -s) (Smit and Hubley 2015) . 498
These sequencing and assembly steps are further described in the supplementary methods, 499 alongside additional steps taken to verify genes, identify additional contigs and genes, and find 500 genes retained across all species. The final version of the genome and annotation is available on 501 the NCBI (accession: SKCT00000000). 502 503
Genome annotation 504
As further described in the supplementary methods, we assembled the transcriptome, using all 505
Illumina RNA reads following quality filtering, using Trinity (version 2.4.0) ( To build a phylogeny for the Drosophila species including D. innubila, D. falleni and D. 518 phalerata, we identified genes conserved across all Drosophila and humans and found in the 519 Dipteran BUSCO gene set (Simão et al. 2015) . We then randomly sampled 100 of these genes, 520 extracted their coding sequence from our three focal species and 9 of the 12 Drosophila genomes 521
(Limited to nine due to our focus on the Drosophila subgenus and the close relation of several 522 species, rendering them redundant in this instance, Clark et al. 2007 ). We also searched for 523 genomes in the Drosophila subgenus with easily identifiable copies of these 100 conserved genes, 
Signatures of adaptive molecular evolution among species 530
We mapped short read sequencing data of D. innubila, D. falleni and D. phalerata to the repeat-531 masked D. innubila reference genome using BWA MEM (Li and Durbin 2009). As similar 532
proportions of reads mapped to the genome (97.6% for D. innubila, 96.1% for D. falleni and 94.3% 533 for D. phalerata), covering a similar proportion of the reference genome (99.1% for D. innubila, 534 98.5% for D. falleni and 97.1% for D. phalerata), we considered the D. innubila genome to be of 535 similar enough to these species to reliably call single nucleotide polymorphisms and indels. We 536 realigned around indels using GATK IndelRealigner then called variants using HaplotypeCaller 537 genes involved in the immune system pathways, we attempted to rescale for synonymous 546 divergence. For each focal gene, we found genes with dS within 0.01 of the focal gene on the same 547 scaffold. We then found the difference in dN/dS between the focal gene and the median of the 548 control gene group. 549
For an independent contrast, we downloaded the latest coding sequences for D. 550 melanogaster, D. simulans and D. yakuba from Flybase.org (Downloaded January 2018, Gramates 551 et al. 2017) and aligned orthologous genes using PRANK (-codon +F -f=paml) (Löytynoja 2014) . 552
Following the generation of a gene alignment and gene tree, we used codeML (Yang 2007) to 553 identify genes with adaptive molecular signatures on each branch of the phylogeny (using the 554 branch based model, M0). Again, we found the difference in dN/dS from background genes of 555 similar dS (with 0.01) on the same scaffold for all immune genes, focusing on the D. melanogaster 556 branch. We compared genes enriched in the top 2.5% for dN/dS (versus the lower 97.5%) using 557
GOrilla (Eden et al. 2009 ) in both D. innubila and D. melanogaster. We also performed this 558 analysis using the top 5% and 10% and found no differences in enrichments than the more stringent 559 2.5% (not shown). 560
We downloaded genes involved in a core set of gene ontologies from GOslim (Consortium 561 et al. 2000; Carbon et al. 2017 ) and found the mean and standard error of dN/dS for each category 562 in both D. melanogaster and D. innubila. We chose to compare genes in the top 10% for dN/dS in 563 both species in these categories, as no enrichments are found in the top 2.5% or 5% for the GOslim 564 genes alone, instead we chose to broadly examine the fastest evolving genes in each species, even 565 if not significantly enriched. 566
Finally, to control for possibly multiple nucleotide substitutions in a single site creating 567 false signals of rapid evolution (Venkat et al. 2018), we calculated δ using HyPhy (Pond et al. 568 2005) based on the method presented in (Venkat et al. 2018) . δ was calculated under both the null 569 and alternative models, with the best model selected based on the result of a χ 2 test. We then 570 compared δ between each species and across immune gene categories. 571
572

RNA differential expression analysis 573
We used GSNAP (-sam -N 1) (Wu and Nacu 2010) to map each set of D. innubila RNA 574 sequencing short reads to the repeat masked D. innubila genome with the TE sequences 575 concatenated at the end (NCBI SRA: SAMN11037167-78). We then counted the number of reads We are thankful to Justin Blumenstiel, Jamie Walters, John Kelly, Carolyn Wessinger, Joanne 591
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